Exposure during transport and at non-residential locations is ignored in most epidemiological studies of traffic-related air pollution. We investigated the impact of separately estimating NO 2 long-term outdoor exposures at home, work/school, and while commuting on the association between this marker of exposure and potential health outcomes. We used spatially and temporally resolved commuter route data and model-based NO 2 estimates of a population sample in Basel, Switzerland, to assign individual NO 2 -exposure estimates of increasing complexity, namely (1) home outdoor concentration; (2) time-weighted home and work/school concentrations; and (3) time-weighted concentration incorporating home, work/school and commute. On the basis of their covariance structure, we estimated the expectable relative differences in the regression slopes between a quantitative health outcome and our measures of individual NO 2 exposure using a standard measurement error model. The traditional use of home outdoor NO 2 alone indicated a 12% (95% CI: 11-14%) underestimation of related health effects as compared with integrating both home and work/school outdoor concentrations. Mean contribution of commuting to total weekly exposure was small (3.2%; range 0.1-13.5%). Thus, ignoring commute in the total population may not significantly underestimate health effects as compared with the model combining home and work/school. For individuals commuting between Basel-City and Basel-Country, ignoring commute may produce, however, a significant attenuation bias of 4% (95% CI: 4-5%). Our results illustrate the importance of including work/school locations in assessments of long-term exposures to traffic-related air pollutants such as NO 2 . Information on individuals' commuting behavior may further improve exposure estimates, especially for subjects having lengthy commutes along major transportation routes.
INTRODUCTION
In most epidemiological studies on health effects of long-term exposure to traffic-related air pollution, exposure during commuting and at non-residential locations is ignored. 1 The exposure assignment of these studies typically relies on residential neighborhood exposure according to home addresses, census tracts or postal codes. This choice is justified by the fact that a substantial amount of time is spent at home. In addition, the air pollution exposure of specific (and often most susceptible) groups of the population, such as the very young children, elderly people or spatially segregated groups, may be well represented by the residential area. 2 However, for more mobile population groups, such as working adults and school children, ignoring exposure to outdoor air pollution while away from home may lead to misclassification of exposure 3, 4 and bias in health-effect estimates. 5 Using only air pollution exposure at home may in particular ignore potential hot spots of exposure to air pollution from outdoor sources that are encountered during daily activities, such as while at work or in school and during commute. [6] [7] [8] Several studies have shown that traffic-related air pollutants, such as nitrogen dioxide (NO 2 ) or ultrafine particles, show high spatial and temporal variability. 3, 9, 10 People are indeed exposed to potentially high levels of those pollutants, especially in commuting environments. 11, 12 Moreover, recent exposure assessment studies reveal that a significant proportion of the total inhaled dose of air pollution occurs during transport because of the increase in breathing rates during walking and cycling compared with more sedentary travel modes or activities. 3, 13, 14 Attempts to more accurately quantify exposure by incorporating daily movements include spatio-temporal modeling 4, 14, 15 and personal monitoring. [6] [7] [8] 16 Point-based location data provided in time-activity diaries provide the opportunity to link activity patterns to air pollution concentrations in models. Activity data, however, generally lack information on detailed travel routes between the activity locations. In addition, there is a trend towards real-time tracking of both exposures and activity patterns with portable measurement devices and global positioning system (GPS) receivers. 17 However, dynamic exposure assessment methods are rarely applied in large studies on the long-term effects of outdoor air pollution because of limitations related to cost, feasibility and participant burden.
The aim of this study was to assess the contribution of the commute (i.e., the time spent in traffic traveling between home and work or school) and work/school location to the total long-term exposure to urban air pollution from outdoor sources, using NO 2 as the marker of exposure. Using spatially and temporally resolved commuter route and NO 2 concentration data from a census-based random population sample, we assessed the contributions separately according to subjects' main travel mode. In addition, we examined the potential bias in health-effect estimates that can occur in a population sample when outdoor pollution levels at home are used as estimates of total exposure, instead of also considering exposure while at work (or in school) and during commuting. We also explored the extent of these biases in models where ambient NO 2 concentrations were further adjusted during active commute (i.e., walking or cycling) to reflect the higher intake of air pollution while physically active. The study is restricted to the Basel area, which is one of the eight regions that has been participating for 420 years in the SAPALDIA study (Swiss Study on Air Pollution and Lung Disease in Adults), which has used home outdoor pollution modeling as the default. 18 
METHODS

Study Design
We separately estimated outdoor exposure to traffic-related NO 2 at home and work (or school) locations and during the commute for a representative population sample living and working (or attending school) in the region of Basel, Switzerland. The area (550 km 2 ) consists of two counties (called Cantons), Basel-City and Basel-Country, that constitute an urban-rural area with a population of 465,000 ( Figure 1 ). We extracted information on commute routes, home, work and school locations from geo-coded 24-hour time-activity diaries from the 2010 Swiss Mobility and Transport Microcensus. 19 This national telephone-based survey includes coordinates of origin and destination locations, places where study participants changed mode of transport during trips, and geo-coded travel routes for a representative number of residents in our study area. For each trip, detailed information on travel modes, duration and hour of the day was available. By computing time-weighted NO 2 exposures, we explored how commute and the time spent at work/school affect NO 2 exposure estimates. As in many epidemiological studies, we use NO 2 as a marker of exposure to traffic-related air pollution of outdoor origin rather than NO 2 per se; thus, we are not considering NO 2 from other sources such as indoor smoking or cooking.
Commute Exposure Assessment
The NO 2 commuter exposure data was simulated in a previous study by Ragettli et al. 20 In brief, the data set includes a representative population sample of 736 subjects from the 2010 Swiss Mobility and Transport Microcensus survey 19 who live and work or attend a school within the study area (i.e., who commute within the region of Basel). For each subject, annual mean NO 2 concentration and exposure estimates for total trips and legs (i.e., contiguous parts of the trip with the same mode of transport) between home and work/school were estimated from the 24-hour timeactivity diaries. Only trips between home and work/school locations were considered, as those trips are usually carried out regularly over time. Individuals' NO 2 exposures during commuting were computed by overlapping the geo-coded commuter legs with temporally adjusted estimates from the NO 2 annual mean map from the 2010 national Gaussian dispersion model PolluMap (100 × 100 m resolution). 21 The model has been successfully used in Swiss health research 18 and was found the best available model for estimating commuter exposure to traffic-related air pollution in both urban and rural areas in Basel. 20 We extracted annual mean NO 2 concentrations for all outdoor locations at home, work and school from the same dispersion model at the corresponding geo-coded locations. Given our interest in the long-term contribution of commuting exposure to total urban air pollution exposure, we only included subjects working 50% or more outside of their homes, leaving 680 individuals for our analysis. A summary of the population characteristics is provided in Table 1 .
Exposure Assignment
We assigned NO 2 exposure to each subject based on three figures: (1) outdoor concentration at the home address; (2) time-weighted home and [6] [7] [8] [9] [10] [11] [12] [13] [14] and other students, we assumed that 6 h were spent at school per day. We assumed that the remaining time in seven 24-hour periods was spent at home.
Adjustment of Exposure During Physically Active Commute
Increased breathing frequency during cycling and walking results in higher intake of air pollution, and thus, ultimately increases the biologically relevant inhalation dose. 13 Therefore, for the time spent in active commute, we also derived adjusted estimates of exposure, now taken as a proxy for the dose (we use the term 'dose' hereafter). Our adjustment distinguishes two approaches, namely a moderate and high ventilation rate scenario for active commutes. Adjustment factors were derived from the literature on travel-mode-specific ventilation rates. For the moderate commuter dose estimates, minute ventilation (thus, NO 2 exposure) was assumed to be 1.7-fold higher while walking 11 and 2.0 times higher while on bicycle 11, 22 than during commutes with motorized or public transportation, and time spent at home, work/school, which we considered as reference (no adjustment). For the high ventilation approach, we assumed a 5.6 times higher exposure on bicycle than the reference following the findings by Int Panis et al. 13 (derived by the mean plus standard deviation for males). For walking, we used the same ratio (1.7) than for the moderate ventilation rate scenario as we assume less variability in minute ventilation compared with cycling due to usually shorter distances. 20 
Contribution of the Commute
We explored the relative contribution of commuter exposure to total exposure-that is, the cumulative exposure considering home, work/ school, and commute and the corresponding time spent in those microenvironments,-with and without the above described adjustment for inhalation rates over 1 week. We calculated the contribution separately according to the subjects' main travel mode, which was defined as the mode used for the greatest distance of commuter trips per day.
Scenarios
We calculated the bias in health-effect estimates that may occur when either outdoor NO 2 exposure at work/school or both NO 2 exposure at work/school and during commuting are ignored, using the seven scenarios described in Table 2 . In scenario 1, we compared the traditionally used surrogate measure of outdoor exposure at home (H exp ) to exposure estimates that include both time spent at home and work/school (HW exp ), assuming that the latter is closer to the 'true' exposure. Similarly, we compared outdoor exposure at home (H exp ) with time-weighted home, work/school and commuter exposure (HWC exp ) (scenario 2). We also performed the same comparison (between residence-only estimates and estimates that include time spent at work/school and commuting time) for the dose estimates (i.e., cumulative exposures adjusted by ventilation rate), assuming a moderate commuter dose (HWC dose moderate ) and a high commuter dose (HWC dose high ) in scenarios 3 and 4, respectively. Finally, we computed the bias that occurs from using combined home and work/ school exposure (HW exp ) and dose (HW dose ) compared with estimates that incorporate home, work/school and commuter behavior (HWC exp , HWC dose moderate , HWC dose high ) (scenarios 5, 6, 7).
Bias Factor Assessment
It is well known that associations between health outcomes and exposures may be estimated with bias if exposures are represented by surrogate measures. 5, 23 To assess the extent of this bias, we used the equation provided by Wacholder, 23 which is valid in the context of linear regression models only, but allows the difference between the surrogate measure and the true exposure value (i.e., the error E in measuring the true value) to be correlated with the 'true' value:
where σ 2 is the variance of the true exposure, ϕ is the covariance of the true exposure and E, and ω 2 is the variance of E. For instance, if equation (1) yields the value 0.80, then the bias associated with the use of the surrogate measure is negative (i.e., the slope between the health outcome and the exposure is underestimated by 20%). We also calculated the 95% confidence interval of the bias estimate (1) using a bootstrap method with 1,000 replications.
The statistical analyses were conducted using R 3.0.1 (2013 The R Foundation of Statistical Computing) and STATA version 12.1.
RESULTS
Summary of Time-Activity Logs
The estimated percentages of time spent at home, work/school, and for commuting during a 7-day week are shown in Table 3 . Subjects who used public transportation (tram, bus, train) as their main travel mode (29% of the sample) spent almost 50% and 66% more time traveling as individuals who primarily used motorized transportation (32%) or active transportation (walking: 19%, bicycling: 18%) for their daily commutes, respectively. The difference in duration occurs because individuals who use public transportation for the greatest length of their daily commutes combine public transportation more frequently with active transportation and spend more time transferring from one mode to another than the rest of the population (Supplementary Information, Supplementary Table S1 ). In fact, those who used mainly public transportation spent an average of 15 min per day waiting at public transportation stops and/or changing travel modes.
The average daily commute duration and distance reported by the study participants were 49 min and 14 km, respectively. On average, subjects living and working (or attending school) in Basel-City (240 subjects) had the shortest commuting distances compared with subjects living and working in Basel-Country (270 subjects) and subjects commuting between the two Cantons (170 subjects). The distances were 2.5-and 4-times longer for the latter subgroup than among subjects commuting within Basel-City and Basel-Country, respectively. The commute durations within BaselCity and Basel-Country were similar (42-43 min), but subjects commuting between the two Cantons spent 70 min on average in transit.
Residents commuting only within Basel-City primarily bicycled (30%), used public transportation (30%) or walked (27%). Motorized transportation was used by 9% of the participants. For commutes between Basel-City and Basel-Country, the subjects primarily used motorized travel (44%) and public transportation (46%).
Model Based Exposure Estimates
We observed higher mean (± SD) and more variable annual average NO 2 concentration estimates along commuter routes (33.7 ± 7.6 μg m ). Figure 2 shows scatterplots and Spearman correlation coefficients (ρ) between the outdoor concentrations at home and the concentrations at work/school and during commuting. In general, the correlations between these NO 2 concentrations were the strongest for subjects commuting within Basel-Country (ρ40.5). For subjects commuting between Basel-City and Basel-Country, we found the NO 2 concentrations at home and work/school to be negatively correlated (ρ = − 0.5) (see also Supplementary Information, Supplementary Tables S2-S4 ). On average, the concentration during subjects' commute was 35% higher than that at the home address. The summary statistics for the time-weighted exposure and dose estimates used for the bias calculation (scenarios) are provided in Table 4 . An additional table of subgroups (within Basel-City commuters, within Basel-Country commuters and between-Canton commuters) is provided in the Supplementary  Information, Supplementary Table S5 ).
Contribution of Commute
Daily commutes between home and work/school contributed 3.2 ± 2.3% (range: 0.1-13.5%) to the overall weekly exposure. In comparison, the average contributions of home and work/school environments to total weekly exposure were 73.4 ± 7.4% and 23.4 ± 6.4%, respectively. Slightly higher contribution of the commute was observed when we adjusted for moderate (4.3 ± 3.0%, range: 0.2-17.3%) or high ventilation rates (5.4 ± 4.2%, range: 0.2-33.0%). Moreover, the average contribution of commuter exposure was almost twice as high for subjects commuting between Basel-City and Basel-Country (4.7 ± 2.4) compared with those commuting within Basel-City (2.6 ± 1.6) and within Basel-Country (2.8 ± 2.3) ( Supplementary Information, Supplementary Table S6 ).
The contribution of the commute to total NO 2 exposure with and without adjustment for ventilation rates according to subjects' main commuter mode is shown in Figure 3 separately for the total study population and for subjects living and working (or attending school) within Basel-City. For the whole-study area, median commute contribution to total exposure was the highest for subjects using mainly public (4.7%) and motorized transportation (2.7%) and the lowest for bicycle users (1.7%) and pedestrians (1.5%). For the ventilation-adjusted NO 2 concentrations, median commute contribution increased among public transportation users (6.1%), bicycle commuters (3.4%) and pedestrians (2.6%) and was the highest for bicycle users (8.8%) assuming high ventilation rates. The contribution of commute among subjects who walk to work/school within Basel-City was on average 0.2% higher compared with the total sample. Among commuters using motorized or public transportation, however, the percentage that the commute contributed to total NO 2 exposure and dose estimates was lower than that in the total population.
Scenario-Based Bias Results
The bias factor resulting from using only home outdoor NO 2 exposure estimates (H exp ) compared with using separate exposure estimates for home and work/school (HW exp ) was 0.88, indicating 12% attenuation bias (scenario 1) (see Table 5 ). We found similar bias results when comparing exposure and dose-adjusted models based on NO 2 estimates taken from outdoor locations at home only (H exp , H dose ) with models using NO 2 estimates from home, work/school and the daily commute (HWC exp , HWC dose moderate ) (scenarios 2 and 3). The attenuation bias weakened slightly (0.91) when we assumed a high ventilation rate for the travel legs completed by bicycle in the dose-adjusted scenario 4 (HWC dose high ). No significant bias was observed for scenarios 5 and 6, which ignored exposure or assumed a moderate commuter dose but did not ignore exposure at work/school. However, the health-effect estimates would be significantly overestimated by 4% using the NO 2 dose at home and work/school (HW dose ) versus estimates that also incorporate a commuter dose at a high ventilation rate (HWC dose high ) (scenario 7). The bias results for the subgroups (within-Canton and betweenCanton commuters) are provided in the Supplementary Information, Supplementary Table S7. We observed stronger attenuation biases associated with using home-only estimates (scenarios 1-4) for between-Canton commuters (o 0.70) than for individuals living and working within Basel-Country (between 0.87 and 0.89) and within Basel-City (between 0.82 and 0.83). In the total population, we found no significant underestimation of an effect estimate when we omitted the time spent in transport (scenario 5), whereas ignoring commute exposure produced a Table 4 . Population NO 2 exposure (time-weighted over a 7-day week, μg m −3 ) and weekly dose (μg m −3 × minutes × ventilation ratio) for the total study sample (n = 680 subjects). significant 4% bias toward the null in the subgroup of individuals commuting between Basel-City and Basel-Country. In general, a bias toward the null was observed when the surrogate measure had a larger range and showed more variability (expressed in the interquartile range or in the ratio between the 95th and 5th percentile) than the more refined measure to which it was compared (Table 4 and Supplementary Table S5 ). Computing time-weighted averages between the concentrations of the spatially well-dispersed home locations and those of the less-dispersed work and school locations (see map Figure 1 ) and travel routes decreased the variability. Instead, a positive bias emerged if the surrogate measure had a smaller range than the more refined measure to which it was compared. In addition, we found larger and more significant bias for scenarios and subgroups with weaker correlations between the NO 2 concentrations at home, work/school and during commuting.
DISCUSSION
We used time-activity data, including detailed information on travel routes of a representative sample in the area of Basel, to study the contribution of daily travel between home and work/ school to total NO 2 exposure. The average time spent in traffic was 49 min per day, equivalent to 3.2% of the total exposure during weekly activities. Work or school occupied 22% of subjects' time on average. Ignoring time spent at work/school and related NO 2 exposure (i.e., using only outdoor exposure at home) would have resulted in a significant 12% underestimation of health effects. This bias was substantially stronger for subjects commuting between Basel-City and Basel-Country (33% underestimation) than for subjects commuting within those areas, underscoring the advantage of integrating at least home and work/school outdoor concentrations in long-term exposure assessment. In contrast, including commuter exposure in addition to home and work/ school exposures had a negligible effect on NO 2 exposure estimates in the total population ( Table 5 ). The relevance of commute exposure, however, was more relevant among subjects with longer commute distances-that is, those traveling between Basel-City and Basel-Country-but the related potential bias remained still very small (4%).
Although the relative contributions of commuter exposure and work/school exposure to total exposure were rather small, our data confirm that the impact on health-effect analyses may be relevant when both exposures are ignored, as done in most epidemiological studies, which are usually based on home outdoor measures alone. Our findings confirm results from other scenariobased modeling studies that human activity patterns may have an important role in air pollution exposure estimates. Dhondt et al. 4 used an activity-based transportation model to estimate the impact of NO 2 air pollution exposure on years of life lost due to respiratory mortality in Flanders and Brussels, Belgium. The predicted mortality rate increased by 1.2% when NO 2 estimates integrated both home outdoor and time-activity information. Their commuter exposure estimates were limited because it was calculated as the hourly average concentration on the whole road network, ignoring spatial differences. A study by Setton et al. 5 estimated the bias associated with omitting time-activity patterns using simulated NO 2 exposures from a microenvironment simulation of 382 census tracts (including an in-transport microenvironment assuming car travel) in Vancouver and NO 2 exposures of spatially and temporally linked activity patterns (including routes between origin-destination points modeled as straight lines) in Southern California.
14 Using the same bias estimation method as our study, they reported similar bias (0.84 for the metropolitan area of Vancouver and 0.93 for Southern California). A stronger negative bias (0.70) was found for Vancouver when the spatial variability of the air pollution model increased.
Our analyses reveal that time spent at work or school has a stronger impact on total NO 2 exposure than daily commute. This holds true even in models adjusting for increased ventilation rates during active commute. A higher relevance of work than commute on total exposure has also been reported in short-term NO 2 personal monitoring studies 6, 8, 16 and modeling studies that extract exposure information from air pollution models using GPS data. For example, Nethery et al. 7 reported improvements in predicting NO 2 personal exposure data for 38 pregnant women in Vancouver when using a combined home and work estimate from a NO 2 land use regression (LUR) model. Adding transit-based LUR estimates extracted from GPS data had little additional effect on the exposure estimates. However, in Barcelona, time spent in transit (6% of total time) contributed on average 11% and 24% to the total daily modeled NO 2 exposure and inhalation dose, respectively, among 36 adult subjects. 3 The study by de Nazelle et al. 3 used physical activity data and geographic location data from smartphones. Higher in-transit NO 2 levels, longer commute times and greater contrasts between street environments and urban background likely contributed to the higher commute contributions in Barcelona than in our study. Similarly, we found that the strongest bias toward the null was associated with neglecting work/school locations for subjects commuting between the urban center of Basel-City and the rural to suburban surrounding area of Basel-Country. The exposure misclassification is likely explained by the greater differences in NO 2 concentrations between home and work/school, as illustrated by the negative correlation, and as Setton et al. 15 have also demonstrated. For the same population subgroup, ignoring the time spent in traffic also contributed significantly to the underestimation of NO 2 exposure. This finding indicates that for people with longer in-transit time inclusion of exposure during commute may be advisable. In addition, the high proportion of motorized transport (44%) commuters likely contributed to this finding. Air pollution exposure along car routes, which mainly follow major roads, is higher than the exposure Table 5 . Estimated bias factors by scenario for the total study sample (n = 680 subjects) and Spearman's correlation coefficients between the two NO 2 estimates (ρ).
Scenario
Simplified associated with other routes and trips using other travel modes in the study area. 9, 20 We observed considerable differences in bias factors when we used dose-adjusted estimates based on high ventilation rates compared with estimates based on moderate ventilation rates. Assuming increased ventilation rates during active commuting led to higher commute contributions for dose-adjusted NO 2 exposures. Under the extreme assumption of applying high ventilation rates to the entire bicycle commute, the proportion of total dose being commute-related ranged up to 33%. Interestingly, under the assumption that this high-dose commute model would reflect the best estimate of the unknown truth, our analysis indicates that a model based only on the combination of home and work/school concentrations may overestimate the effects (scenario 7). Our dose estimates are neither based on actual physical activity measures nor on physiological characteristics of the participants. As our approach reflects the average exposure misclassification and related bias in health-effect estimates for a random population sample, misclassification may be different on an individual level. Thus, while our data may be used for population-based risk assessments, an individual risk assessment could only be derived if more accurate information on inhalation parameters while commuting and at other places was available. While this was not the purpose of our study it needs to be considered if one would like to translate the findings to individuals.
To our knowledge, this is the first study estimating the contribution of commuter exposure to total NO 2 exposure according to the main mode of travel for a large, representative population sample using actual travel route data for each leg of a trip and information about the waiting time between legs. We found that the commute produced the highest contribution to total NO 2 exposure for subjects who mainly used public transportation. This result is likely due to the combination of active transportation modes and the considerable amount of time spent at public transportation stops. In dose-adjusted NO 2 models, commute contributions were the highest for bicycle and public transportation commuters. The comparison between travel modes based on legs only revealed the highest NO 2 exposures along the legs of the trips using motorized transportation. 20 Most previous comparisons of air pollution exposure according to travel mode-for example, de Nazelle et al., 3 Ragettli et al. 9 and Int Panis et al. 13 -were performed along pre-defined trips and did not take into account possible combinations of travel modes. In addition, changing transport at locations with potentially high exposure levels (e.g., at bus stops along busy streets) is often not considered in those studies. These factors seem to be important to consider in policy initiatives promoting the use of public transportation and reducing reliance on private motor vehicles.
Our findings may be limited to populations living and working within a small study area like Basel. Stronger bias toward the null may be expected when subjects with longer commute distances are included. 4, 5 This attenuation bias may be especially strong for subjects traveling between areas and locations characterized by considerable contrast in air pollution concentrations. Our ability in estimating these contrasts were likely limited by the 100 m spatial resolution of the air pollution model used. 5 Nevertheless, we were able to show spatial differences in exposure levels across different time-activity patterns by comparing population subgroups commuting within and between Basel-City and Basel-Country. Moreover, our NO 2 exposure estimates are based on home and work/school locations only as people usually spent most of their time at those places. Similarly, we only included travel related to work and school activities because those commutes belong to the most important travel reasons and are carried out regularly over a certain time period. Additional bias introduced by not including other places and travels is likely to be rather small and most likely non-differential, thus resulting in some additional bias toward the null. However, on an individual level, other activities that are carried out on a regular basis and for a considerable amount of time may have an effect on total exposure, especially when taking place at areas with lower or higher air pollution concentrations than at the others. Repeated 1-day travel records would be needed to investigate the effect of other travels and activities. Further limitations of our analysis include that we did not consider in-cabin modification and differences in NO 2 concentrations between in-transport microenvironments as for example the study in Barcelona by de Nazelle et al. 3 due to the absence of such NO 2 data for the study area. However, while these factors add to the misclassification of commuter exposure estimates, our findings indicate that these factors would be of rather minor influence on total NO 2 exposures from outdoor sources.
Given our focus are epidemiological studies on the health effects of outdoor air pollution, our investigation ignores indoor sources of air pollution. We use NO 2 strictly as a marker of ambient -in our case mostly traffic-related-air pollution. As in most epidemiological studies on long-term health effects, outdoor concentrations are used as proxy for exposure, 1 although true exposure to NO 2 from outdoor sources could be calibrated during the time indoors using indoor/outdoor ratios. This is not the purpose of this analysis as our findings should remain relevant for the interpretation of epidemiological studies on outdoor concentrations. Furthermore, NO 2 serves only as an indicator of the complex mixture of harmful traffic-related air pollutants whose composition may vary spatially and temporally. As a proxy for the traffic pollutant mixture, one would expect to find varying associations of NO 2 with other health-relevant pollutants across the city. 10 Nevertheless, NO 2 is undoubtedly a traffic-related pollutant and we have shown that bias occurs when we only consider the home outdoor exposures. To assess the degree of bias for other pollutants, similar simulations are needed for other traffic-related air pollutants, such as ultrafine particles and black carbon. For these primary vehicle exhaust emissions, the bias that occurs when commuter exposures are ignored is possibly stronger because they have greater spatial heterogeneity than NO 2 . 7 Although these findings may not be generalizable to all studies on the long-term effects of traffic-related outdoor air pollution on health, they are certainly relevant for the Swiss SAPALDIA study. Our assessment indicates that the previously published resultsall based on home outdoor exposure only-to inherently though not excessively underestimate associations. While the simple home outdoor models were sufficient in the past, the ever-decreasing levels of air pollution and the shrinkage of spatial contrasts in concentrations seen in Switzerland, and other countries where clean air policies have improved air quality, may call for the adoption of exposure models that integrate at least outdoor concentrations at home and work/school if not during commute. Otherwise, the impact of non-systematic exposure misclassification may jeopardize the ability to detect long-term effects of ambient air pollution. We showed that the potential effect of including outdoor exposures at work/school locations and related transit patterns in NO 2 exposure assessment to investigate long-term health effects depends on commute distances between home and work/school locations, prevalent commute modes and the spatial contrast of air pollution concentrations.
